Abstract 23
A composite study is performed to examine the differences in equatorial wave 24 behaviors and large-scale background patterns during tropical cyclogenesis (TCG) . 25
After removing TC contamination, Madden-Julian oscillation (MJO), equatorial 26 Rossby (ER) wave, mixed Rossby-gravity wave and tropical depression-type 27 disturbance (referred to as MT wave) are quantified to evaluate the attribution of 28
TCGs. Given that TCGs are attributed to a single wave or multiple waves, the eight 29 categories are specified based on the moderate thresholds. The TCGs related to 30 multiple waves are roughly twice as many as those related to a single wave. The MT 31
wave alone accounts for a minor proportion of TCGs without collaboration with 32 other larger-scale waves. The mean TCG location related to ER wave shifts to higher 33 latitudes, and the TCGs attributed to both of MJO and MT waves are more 34 concentrated at the west. 35
The single-wave categories are characterized by a zonally-propagating component 36 with a large spatial scale. In contrast, the joint contribution from more than one 37 wave type favors creating a coherent environment with enhanced low-level cyclonic 38 vorticity, horizontal convergence or vertical easterly shear in a preferred region. 39
Consequently, the waves have a more robust structure and a more 40 northwestward-propagating component. Correspondingly, the TCGs in the MJO-ER 41 category tend to occur within a monsoon trough dominated by cyclonic circulation. where ( , ) r x y is the distance between a given grid point and the TC center, and R 207 is the radius at half maximum of the weighting function. Because the details of the 208 removal cannot impact significantly the attribution results, R =500 km is used in 209 this study. In such a way, all of the TC-related rainfall above climatology is removed 210 in the TC center and the removal fraction decreases with radius. The TC-removal 211 background rainfall can be obtained by adding the TC-removal anomalies to the 212
climatology. 213
Similar to the difference between the total spectra of the original data and the 214 TC-removed data in the study of Schreck The boxes in the figure outline the filter bands used in this study, which capture 220 most of spectrum power that stand out above the red background. In this study, the 221 impact of Kelvin waves is ignored in the examination of TCG attribution to 222 equatorial waves for the sake of less clear relationship between Kelvin waves and 223
TCGs during TC peak seasons over the WNP, as abovementioned. The bands of the 224 MRG wave and the TD-type disturbance (hereafter referred to as MT wave bands) 225 have overlapping regimes because of their proximity in terms of frequency and 226 wavenumber, and hence, it is hard to entirely separate these two higher-frequency 227 wave types. For simplicity, a MT wave filter encompassing these two wave types 228 was used, which covers periods from 3 to 8 days and westward propagation at 229 wavenumbers of -14 to 0. The ER band has periods of 10 to 48 days and 230 wavenumbers of -10 to -1, and the MJO band for periods of 30 to 60 days and 231 eastward propagation at wavenumbers of 0 to 6. Although these filters are slightly 232 different from those in precious studies (e.g., Frank and Roundy 2006; Schreck et al. 233 2011), the present filters can still capture most of the wave variance and obtain 234 qualitatively consistent results. Likewise, the wind fields are also filtered through 235 the same wavenumber-frequency domains as those employed to the rainfall 236
anomalies. However, it should be noted that the wave signals passing through the 237 filter are not necessarily representative of these equatorial waves. They could 238 include any disturbances within this spatial and temporal domain. Nevertheless, 239 based on the attribution thresholds corresponding to the wave types described in the 240 next section, TCGs over the WNP can be classified into 8 categories, in which the 241 different combination of wave types acts as a dominant precursor of TCGs. 242
The statistical significance was evaluated using a bootstrap test similar to Frank 243 and Roundy (2006) . In this test, null cases were identified using the dates of all 244
13
TCGs except the samples in the tested category. Null composites were generated by 245 randomly selecting the same number of dates from the null cases as had been in the 246 tested category. This procedure was repeated to calculate 1000 null composites. 247
Using a two-tailed test, the 90% confidence intervals are given by the 50th ranked 248 mean and 95th ranked mean. 249
TC categorization and statistics 250
The comparison of standard deviation of three major equatorial wave types before 251 and after removing the contamination related to TCs demonstrates that TC 252 contamination is concentrated around the regions where TCs are more densely 253 populated, while the contribution percentages related to TC occurrence differ among 254 these wave types (not shown). In contrast to the other two wave types, the MT wave 255 band has the largest standard deviation along a narrow strip centered at 10°N, 256 whereas TC-related contribution in the MT wave band exceeds 40% of standard 257 deviation near the Philippines, twice as large as that in the MJO band. This indicates 258 that the synoptic wave band is more vulnerable to TC contamination compared to 259 other wave bands with larger spatial and temporal scales. These results are in good 260 agreement with those found in previous studies (cf. Fig. 3 in Schreck et al. 2012) . 261
Because the standard deviations differ with respect to wave types and geographic 262 position, the threshold value, which depends on both wave types and TCG locations, 263 was specified to evaluate the role of equatorial waves in cyclogenesis. One TCG is 264 considered to be attributed to one given wave type when the mean wave-filtered 265 anomaly within the 4°×4° domain centered in TCG locations is more than the half 266 14 standard deviation of the corresponding wave type. One squared domain is required 267 in order to ensure that the major TC circulation, instead of one grid point, is 268 embedded within the wave-filtered background environment. Since the classification 269 is sensitive to the threshold, the half standard deviation of the corresponding wave 270 type is specified as a criterion based on the following considerations. Requiring a 271 positive anomaly (greater than zero standard deviation) alone is too weak to ensure 272 convective enhancement. At the other extreme, the requirement of one standard 273 deviation is so strict that most of TCGs would not be attributed to any wave 274
precursor. 275
According to the above criterion, the TCGs can be classified into eight categories. 276
The three categories, in which TCGs are only attributed to a single wave type at the 277 time of TCG (i.e. the corresponding wave anomaly exceeds half of its standard 278 deviation in the given TCG location), are referred to as MJO, ER, and MT categories, 279 respectively. Another three categories consist of TCGs attributed to any two wave 280 types (i.e., MJO-ER, MJO-MT, and ER-MT categories), while the third wave 281 anomaly is below the threshold value. The remaining two categories are the 282 MJO-ER-MT and NONE categories, in which all or none of the three wave types 283 contribute to TCGs, respectively. Based on the classification, all 214 TCGs can be 284 partitioned into one individual group without overlapping, avoiding cross-impacts 285 on the composites discussed later. 286
The TCG percentage in each category is depicted in Fig. 2 . The TCGs without any 287 impact of wave types (the NONE category) is the fewest among the eight categories, 288 15 accounting for 5.6%. The contribution from more than one wave type (i.e., the 289
MJO-ER, MJO-MT, ER-MT, and MJO-ER-MT categories) is responsible for 144 290
TCGs and 67% of total cases, whereas the number of TCGs attributed to a single 291 wave type is 58, less than half of the TCGs that are attributed to multiple wave types. 292
In the categories involving a signal wave type, it seems to be surprising that the 293 attribution related to the ER wave type appears to be the strongest, while the number 294 of TCGs associated with MJO is comparable to that associated with MT. value for all wave types to assess the role of equatorial waves in TC genesis. In 304 contrast, the threshold values in the present study depend on wave types and TCG 305 locations, considering that the standard deviations vary in terms of wave types and 306 geographic distribution. As a result, the mean threshold values in the MJO, ER, and 307
MT categories are 2.1 mm day -1 , 3.6 mm day -1 , and 4.5 mm day -1 , respectively. 308 Therefore, the relatively strict criterion applied in the MT category could partly lead 309 to the decrease in the TCG percentage associated with the MT wave type. Besides, 310 16 TCGs can be commonly observed within a synoptic environment evolved from 311 monsoon gyre. Chen et al. (2004) documented that the majority (roughly 70%) of 312
TCGs over the WNP are linked to monsoon gyre modulated by summer monsoon 313 circulation. Given that monsoon gyre has a temporal and spatial pattern close to the 314 ER wave type, the ER wave type could account for a large percentage of TCGs in 315 this study. 316 categories at 90% confidence level. This may be partly due to the more meridionally 322 extensive structure for n =1 ER waves, while the effect related to MJO waves 323 filtered by the wavenumber-frequency approach is more confined near low latitudes. 324
The average longitude of TCGs in the MJO-MT category is significantly biased to 325 the west in contrast to those in other categories. This may be a result that the 326 westward-propagating anomaly associated with the MT wave band is likely to 327 develop into a TC after penetrating further into a MJO-related circulation, which is 328 usually active near the Philippines. 329
Wave characteristics in the different categories 330
This section focuses on the composite of equatorial waves at the TCG time in the 331 categories, in which TCGs are affected by either a single wave type or multiple 332 17 wave types. The composite domain has been shifted zonally and meridionally for 333 each case so that the TC centers are coincident with one another. The comparison 334 among the categories is made to reveal the differences in wave characteristics at the 335 time of genesis. They also provide evidence of wave-preferred phase relationships to 336
TCGs. 337 Figure 4 shows the composite of wave-filtered anomalies of 850-hPa winds and 338 TRMM rainfall for the MJO, ER, and MT categories. When the MJO wave type 339 alone modulates TCGs, the mean TCG location is situated within the center of 340 MJO-enhanced convection to the north of strong and persistent westerly surge ( TCG location is situated on the southeastern side of the strong cyclonic gyre (Fig.  354   18 4b), consistent with the findings in Frank and Roundy (2006) . 355
For the MT wave band (Fig. 4c) , the composited wave exhibits a more zonal 356 propagation, which seems to be distinct from the findings in previous studies (e.g. The composites in the categories involving the effect of multiple wave types take 378 on prominent differences in wave behaviors in contrast to those in the categories 379 only related to a single wave type. For the MJO-ER category, TCs tend to form in 380 the coincident active region of MJO and ER wave bands (Fig. 5a) , so that the 381 superimposition of westerly surges associated with these two wave types 382 equatorward of TC can increase the low-level rotation. This indicates that TCs in 383 this category have a tendency to form within an environment with cyclonic 384 horizontal shear of zonal winds, also seen in Fig. 6 for the composite of unfiltered 385 fields for the MJO-ER category. Another distinct feature is that the ER wave 386 displays an elongated southwest-northeast-tilted structure and northwestward 387 propagation, which can be identified by a lag composite (not shown). These changed 388 features become much more evident in the categories related to the MT wave as 389 shown in Figs. 5b and 5c. From a viewpoint of barotropic conversion, the 390 southwest-northeast-tilted structure of ER and MT waves is conducive to produce 391 barotropic conversion from mean kinetic energy to eddy kinetic energy within a 392 monsoonal environment with cyclonic shear, which leads to the stronger wind 393 anomalies of ER ( 
waves. 436
Likewise, the MT structure also experiences a similar transition in the ER-MT 437 category (Fig. 5c) . TCs tend to form in a region where the ER and MT wave types 438 contribute jointly to enhancing the cyclonic anomaly. Besides, of interest is that the 439 ER-related convection center is seen to be close to the ER-related circulation center 440 in the ER-MT category, so does the case in the MJO-ER category (see Fig. 5a ). That 441 is quite different from the counterpart in the ER category without the collaboration 442 22 with other wave types, in which one quarter phase difference between vorticity and 443 convection centers is apparent in agreement with the theoretical wave solution in a 444 quiescent background environment (Matsuno 1966 ). However, in the presence of the 445 cooperation of other wave types, the extent of the coupling of wave circulation and 446 convection could be modified largely, which may be due to the following two 447 processes. On one hand, owing to a broad spatial scale and a long duration, the Table 1 ). Initially, a broad convection region with scattered centers is 478 accompanied by the zonally elongated cyclonic circulation, and subsequently, the 479 scattered convection cells begin to cluster and form an organized cyclonic 480 circulation elliptically encircling the TCG location at one day prior to TCG. At the 481 time of TCG, the cyclonic circulation is tightly contracted in scale and the rainfall is 482 significantly increased around the genesis location (Fig. 6d) . 483
In the MJO-MT category, the monsoon-trough-like shear region is situated to the 484 west of TCG three days before TCG, which is coincident with a major rainfall region 485 in the vicinity of it (Fig. 7a) . This also implies that, at that time, the westerly flows 486 24 and convection anomalies associated with MJO reside to the west of the TCG 487 location. A weak vortex can be discernible to the southeast of TCG, which reflects 488 the existence of the MT wave band. The TCG region is embedded within an 489 environment dominated by the convergence of westerly and easterly winds (see 490   Table 1 ), remarkably different from the circulation pattern of cyclonic shear of zonal 491 winds in the MJO-ER category (Fig. 6a) . One day later, even though the monsoon 492 trough to the west has no significant migration, the westerly flows to the south of the 493 TCG location are enhanced. Moreover, the synoptic vortex coincident with a rainfall 494 center begins to amplify to the southeast of TC, while propagating northwestward 495 toward the TCG location (Fig. 7b) . By one day before TCG, a closed cyclonic 496 circulation forms nearby the TC center, whereas the monsoon trough circulation and 497 rainfall to the west become weakened and retreat westward (Fig. 7c) . At the genesis 498 time, the original monsoon trough seems to be obscure and a strong shear trough 499 appears to its east that wraps up a well-organized TC circulation. 500
In the ER-MT category, the large-scale circulation exhibits a distinct pattern. At 501 several days prior to TCG, the TCG location is embedded in an environment 502 dominated by easterly flows because of the absence of the MJO-related contribution 503 (Figs. 8a, b) . At that time, the rainfall related to westward-propagating ER and MT 504 wave bands has a rather weak signal to the east. One day later, this signal originating 505 from the southeast is intensified and accompanied by a cyclonic vortex forming to 506 the southeast of the TCG location (Fig. 8c) . Ultimately, a compact vortex centered in 507 the TCG location emerges, but with a smaller size compared to those in the MJO-ER 508 25 and MJO-MT categories (cf . Figs. 6d, 7d, and 8d ). This indicates that TC initial size 509 and structure during TCG may, to a large degree, depend on precursor waves. 510
During the TCG in this category, there is no evident of southwesterly bursts, unlike 511 the cases in the categories involving the MJO wave band. The MJO-related TCGs 512 tend to create a large-sized and relatively incompact structure by external low-level 513
forcing. By comparison, the evolution of TCs with a compact structure in the 514 ER-MT category may be more determined by internal dynamics, due to the lack of 515 large-scale environmental forcing. 516
Regarding the TCGs related to a single wave type in the MJO, ER, and MT 517 categories, although the large-scale circulation also exhibits some similarities to 518 those in the categories involving two wave types, the precursor signals amplify 519 relatively slowly in the absence of the collaboration of other wave types (not shown), 520 and consequently, smaller-sized and weaker vortices form at the time of TCG in 521 contrast to the cases in the categories with more than one wave type. Specifically, in 522 the MJO category, a monsoon trough is also found to the west of TCG as in the 523 MJO-MT category, but has weak intensity in circulation and rainfall fields. 524
Moreover, the westerly wind bursts related to the MJO wave band fail to wrap up a 525 large-scale vortex circulation, due to the absence of ER and MT wave types. This 526 differs from the pattern in the MJO-MT category, in which the external disturbances 527
propagating into the monsoon circulation influence TCGs. For the cases in the ER 528 category, the TCGs tend to be embedded within an environment with weak easterly 529 flows prior to genesis. A monsoon-gyre-like circulation then begins to emerge and 530 26 eventually triggers TCGs. In the MT category, the disturbances related to the MT 531 wave type seem to be subtle without a pronounced amplification through the 532 interaction with MJO and ER waves. As a result, the TC circulation confined in a 533 small-sized domain does not have strong westerly flows to the south of TCGs. 534
The composite of the cases in the MJO-ER-MT category seems to have a hybrid 535 pattern of the large-scale circulations in the MJO-ER, MJO-MT, and ER-MT 536 categories (also see Fig. 9d ). The precursor signals incorporate the characteristics of 537 MJO, ER, and MT wave types, leading to a broad cyclonic system with a coherent 538 structure at the genesis time. On the contrary, the TCG process in the None category, 539 accounting for a small fraction of TCGs, does not have significant features 540 associated with the wave bands of interest. The TCGs may be attributed to other 541 wave bands that are not considered in this study or triggered by upper-level systems. 542 Ritchie and Holland (1999) showed that a precursor circulation affecting TCGs 543 appears approximately 72 hours before the genesis. To clarify the preferred 544 geographic distribution of TCGs corresponding to the different categories, Figure 9  545 clearly displays the TCG locations relative to the monsoon trough and the 546 subtropical high represented by geopotential height three days before the genesis. As 547 shown in Fig. 9a , the elongated cyclonic circulation formed by the dominant zonal 548 flows on the southern and northern sides of TCG is representative of a 549 well-developed monsoon shear line. Correspondingly, the mean cyclonic shear of 550 zonal wind ( ) is strongest among the categories in Table 1 . This denotes 551 that TCGs in the MJO-ER category tend to occur in a shear region within monsoon 552 27 trough, resembling the shear line pattern of TCGs in the study of Ritchie and 553
Holland (1999). The distinct feature of the MJO-MT category is that the 554 cyclogenesis region is dominated by the zonal wind convergence (Fig. 9b) . To the 555 west, the westerly surge establishes a meridionally extending monsoon trough, while, 556 to the east, the easterly flows at the southern edge of the subtropical high are 557 prevalent, producing a strong zonal convergence of winds around TCG (Table 1) . 558
When a synoptic wave train approaches this confluence region, the energy 559 accumulation induced by the confluence of zonal winds can increase TCG potential 560
(Zhang and Webster 1989). 561
In the ER-MT category, TCGs occur completely within the easterly flows several 562 days before the genesis (Fig. 9c) . As seen in Table 1 , the mean easterly wind 563 surrounding TCG reaches -3 m s -1 , stronger than the cases in the other categories. 564
The TCG location penetrates more poleward within the easterly environment in the 565 south of the subtropical high, which is responsible for the significantly northward 566 shift of the mean location of TCGs in the ER-MT category as depicted in Fig. 3 . 567
Examination of the circulation composite in the MJO-ER-MT category reveals little 568 evidence for the structure of monsoon trough and the subtropical high (Fig. 9d) . To 569 the northeast of the TCG location are the uniform southeasterly flows, forming a 570 northwest-southeast orientation of geopotential height. The westerly surge is located 571 to the southwest, establishing a weak vortex to the west of the TCG location. The 572 distribution of geopotential height is insignificant, indicating that the large-scale 573 circulation does not exhibit a coherent structure modulating the TCGs in the 574 28 MJO-ER-MT category. 575
Conclusion 576
From the climatological viewpoint of equatorial wave activity, previous studies 577 have examined the impact of different equatorial waves on TCGs, but did not 578 systematically distinguish the contribution from a single wave or multiple waves. 579
Considering TCGs over the WNP are closely related to MJO, ER, and MT wave 580 types, the TCGs are classified into different categories based on the attribution of 581
TCGs to a single wave or multiple waves. This study makes an attempt to 582 investigate the differences in the wave behaviors and the corresponding large-scale 583 circulations prior to TCGs in the different categories. 584
Because TC-projected signals account for a considerable proportion of power 585 spectrum for westward-propagating waves, especially for synoptic waves, the 586 intense rainfall within a TC circulation could largely alter equatorial wave 587 diagnostics ). To mitigate the contamination, the method of 588 The composites relative to TCG locations demonstrate that the wave 614 characteristics differ remarkably among the categories involving a single wave and 615 multiple waves. In the categories involving a single wave type, the wave types are 616 dominated by the zonally-propagating component. In the MJO category, the TCGs 617 tend to form in a region of maximum positive vorticity to the north of the strong 618 30 westerly anomalies. In the ER category, the TCGs are mainly distributed in the 619 eastern part of an ER-filtered cyclonic circulation, due to one-quarter phase lag 620 between the circulation and convection centers for a classical ER wave, which is in 621 good agreement with previous studies (e.g. 
